This study aimed to evaluate the effect of setting temperatures (30°C, 35°C, 40°C, 45°C, and 50°C) on gel properties and protein profiles of paste gels derived from silver carp (Hypophthalmichthys molitrix) and chicken meat. The mixture composed of 50% (w/w) chicken meat and 50% (w/w) silver carp meat, and the three paste gels, were assessed based on color, gel strength, TPA, water distribution, chemical interactions, and SDS-PAGE. Chicken gels had better gel properties and a higher content of immobilized water than the mixture or fish gels, regardless of setting conditions. On the other hand, an appropriate setting temperature for the three paste gels promoted aggregation of the myosin heavy chain (MHC) and the formation of hydrophobic interactions and disulfide bonds, which resulted in superior gel properties. Pre-incubation at 40°C enhanced gel properties of fish meat, but pre-incubation at 45°C and 50°C were appropriate for achieving better gels for the mixture and chicken, respectively. These results indicated that there is the potential to obtain mixed products and new meat products by utilizing chicken and fish meat that have improved gel properties.
Introduction
Silver carp (Hypophthalmichthys molitrix) is one of the widely cultivated freshwater fish in the aquaculture industry in China, with a production of 4.51 million tons in 2017, [1] which makes silver carp one of the most important freshwater food fish in the world. Unfortunately, the commercial benefit of silver carp has been limited despite its high production, which is mainly caused by its limited regional distribution and short shelf-life after harvest. [2] Silver carp is a potential alternative to marine fish for surimi processing due to its high nutritional value, especially, its high content of unsaturated fatty acids. [3] However, silver carp possess poor gel characteristics, which may be related to the modori. [4] To overcome this weakness, a number of studies have been conducted to combine freshwater fish pastes with meat and meat by-products, such as pork mince, porcine hearts, and bovine hearts. [5] [6] [7] The addition of fish meat may improve the textural property and flavor of meat. [8] However, as a healthy dietary component and a widely accepted material for surimi processing, [9, 10] information on the gel-forming characteristics of chicken/fish mixtures is limited. In general, thermal fish gels are typically formed in a two-step, heating process. [11] The first step involves an appropriate setting that enhances gel strength of surimi-based products by forming a continuous matrix from original paste. [12] Then, this matrix changes into a rigid, opaque gel by raising the heating temperature to approximately 90°C. In previous studies of several surimi gels from silver carp and pork, pre-incubation at 40°C significantly (P < 0.05) increased the breaking force of the cooked fish meat samples. [13] Additionally, surimi from tropical species showed different gel properties when set at medium or high temperatures prior to heating. [14] Gel properties are important for meat and meat products. [15] Hence, it is important to investigate the effects of setting temperatures on paste gel properties of chicken and fish meat.
To provide a theoretical foundation to improve the gel properties of silver carp meat with chicken meat and to provide a comprehensive understanding of paste gel processing, this study investigated the characteristic of gels from silver carp meat, chicken breast meat, and a mixture composed of 50% (w/w) chicken meat and 50% (w/w) fish meat at various temperatures. The hypothesis was that the gelation properties of meat paste may be improved by restructuring the paste with chicken and silver carp meat. The indicators of gel properties (breaking force, deformation, gel strength, whiteness, and water distribution), we studied protein patterns using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE analysis) at different temperatures.
Materials and methods

Materials
Silver carp with an average weight of 1.5-2.0 kg were obtained from an aquatic products market, Beijing, China, and transported to the laboratory alive in water. Fish were stunned, beheaded, gutted, filleted, and washed with cold distilled water within 2 h. White dorsal muscle was collected manually and minced. Chicken breast meat stored at 4°C was purchased from a Wumart supermarket, Beijing, China, and the fat and connective tissue was removed. All chemicals used were of analytical grade.
Sample preparation
Chicken and fish meat were chopped separately with a food processer (Joyoung JYL-D055, Beijing, China). The minced meat was washed twice in cold distilled water (4°C, 2 volumes, w/v) and once in 0.5% NaCl (4°C, 2 volumes, w/v), and stirred for 1 h at a low speed with a JJ-1 electrical blender (Jintan Ronghua Instrument Manufacture Co, Ltd, Jintan, China). The pastes (chicken and fish meat) were centrifuged at 5,000 g for 8 min, and the supernatant was discarded. Finally, the pastes with 2.5% (w/w) NaCl were adjusted to a final moisture content of 82% with distilled water.
The salted pastes of fish and chicken meat were prepared at ratios (w/w) of 2:0, 1:1, and 0:2. The mixed pastes were stuffed in 50 mL centrifuge tubes (2 cm diameter, 20 cm length) and centrifuged at 3,000 g for 10 min to remove any air bubbles in the slurry. Afterwards, the salted fish meat paste samples were cultured in a water bath at different setting temperatures (30°C, 35°C, 40°C, 45°C, and 50°C) for 1 h followed at 90°C for 0.5 h. All gels were chilled quickly with ice/water and stored at 4°C overnight before analysis.
Determination of color and whiteness
The color of paste gels was determined using a JP7100F colorimeter (Juki Corp, Tokyo, Japan), which included L* (lightness), a* (redness/greenness), b* (yellowness/blueness), and whiteness values. Whiteness was calculated using the following equation: [16] Whiteness
Measurement of gel strength
The paste gels were cut into 2.0-cm-high cylindrical specimens. Measurements of gel strength were obtained using a CT3 texture analyzer (Brookfield, WI). Breaking force (g) and deformation (mm)
were measured by employing a 5.0-mm-diameter spherical head with 50% compression at a test speed of 1 mm/s. Gel strength was calculated using the following equation:
Gel strength g Â mm ð Þ¼Breaking force g ð Þ Â Deformation mm ð Þ
Texture profile analysis (TPA)
The textural properties of the paste gels were analyzed by using a CT3 texture analyzer (Brookfield, WI), following the method of Li et al. [8] A square probe (TA3/100) was pressed against the 2.0-cmhigh samples at a speed of 1 mm/s for two consecutive cycles using 30% compression. The textural characteristics were expressed as hardness, springiness, cohesiveness, gumminess, and chewiness. Hardness is the resistance at maximum compression during the first compression; springiness refers to the ability of the sample to recover its original form after the deforming force is removed; cohesiveness is the extent to which the sample could be deformed before rupture; gumminess is the amount of energy needed to separate a semi-solid food to a pre-swallowing state; chewiness indicates the work needed to chew a solid sample to a steady state for swallowing. [17] All samples were analyzed at room temperature.
Measurements of NMR water distribution
Low-field NMR relaxation measurements were taken using a Niumag Benchtop Pulsed NMR Analyser PQ001 (Niumag Electric Corporation, Shanghai, China), which operated at a resonance frequency of 23.0 Hz, following the methods of Han et al. [18] The samples were cut into cubes (10 * 10 * 10 mm) and packed in plastic films, and then they were put into the NMR probe. Afterwards, water distribution was determined using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence at 32°C, with a τ-value (time between 90 pulse and 180 pulses) of 120 μs. [19] After four scan repetitions, we acquired about 3,200 echoes as constant factors.
To better analyze the data, a multi-exponential fitting analysis was performed using a MultiExp Inv Analysis software from Niumag Electric Corporation. This analysis generated a plot of relaxation amplitude for individual relaxation processes compared to relaxation time. The proportion of water molecules and water distribution was calculated and exhibited by relaxation time and peak position. [20] Determination of protein solubility Gels of protein solubility were determined using the method developed by Liu, Gao, Ren, & Zhao [21] , with minor modifications. The agents that cleave or destroy different types of inter-molecular bonds were applied to identified types of molecular bonding: 0.05 M NaCl (SA), 0.6 M NaCl (SB), 0.6 M NaCl + 1.5 M urea (SC), and 0.6 M NaCl + 8 M urea (SD). [22] About 2 g of gel samples was homogenized for 30 s with 10 mL of each solution,and the blended solutions were centrifuged at 10, 000 g for 15 min. The protein concentration in supernatants was determined by the Biuret method. [22] Measurements of sulfhydryl (SH) groups Sulfhydryl (SH) groups were determined using the method of Ellman [23] and Liu et al. [13] with some modifications. Four grams of chopped gel samples were added to 11 mL of 20 mM Tris-HCl solutions, which contained 0.6 M KCl, pH 7.0. The mixtures were then homogenized for 30 s and preserved at 4°C for 1 h. Afterwards, the homogenate was centrifuged at 10,000 g for 10 min. The protein concentration in the supernatant was adjusted to 2 mg/mL by the Biuret method [22] and used to determine the concentration of SH groups using the Ellman method. [23] The amount of total SH was measured at 412 nm with a molar extinction coefficient of 13,600 L/(mol•cm) using a spectrophotometer (Model DU640, Beckman Instruments).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
To prepare the protein sample, 2 g of chopped gels from each group was added to 18 mL 5% SDS, homogenized for 1 min, and heated at 85°C in a water bath for 1 h. The mixtures were centrifuged at 10,000 g for 10 min. The protein concentration in supernatants was adjusted to 2 mg/mL using the Biuret method. [22] Afterwards, protein samples were mixed with a sample buffer (with and without dithiothreitol (DTT)) at the ratio of 1:1 (v/v), boiled for 5 min, and stored at −20°C until use. SDS-PAGE gel was conducted using a 10% running gel and a 4% acrylamide stacking gel. Twenty micrograms protein was loaded onto the sample well in the stacking gel and subjected by electrophoresis at an initial voltage of 80 V, until the sample was completely pressed into a straight line. Immediately after entering the separation gel, the voltage was increased to 120 V. Electrophoresis time was about 1.5 h, and then the sample was fixed, dyed, and decolored until the protein bands were clear and distinct.
Data analysis
All analysis was conducted in triplicate, and the data were presented as the mean ± standard deviation. Statistical analysis was performed using SPSS19.0 software, and significant (P < 0.05) differences were determined between means using Duncan's multiple range test.
Results and discussion
Color and whiteness
The color of fish gel is an important factor for consumers, and whiteness of gel is regarded as a useful index. [24] Whiteness of the three paste gels was different across setting temperatures (30°C, 35°C , 40°C, 45°C, and 50°C) ( Figure 1 ). The L*, a*, and whiteness of fish gels increased slightly with setting temperatures from 30°C to 40°C, and then they decreased significantly (P < 0.05) to the lowest level at 45°C. For chicken and mixture gels, the values of L*, a*, and whiteness increased slightly in the setting range of 30°C to 40°C, but decreased markedly from 40°C to 50°C. The b* values increased sharply for chicken gels with setting temperatures from 30°C to 50°C. Values for mixture gels for L*, a*, b*, and whiteness were between the values for fish and chicken meat. Weerasinghe et al. [25] suggested that the decrease in whiteness of fish gels at 45°C-50°C was due to the modori phenomenon. Similarly, the L* and whiteness values of fish gels decreased significantly (P < 0.05) from the maximum of 67.02 (40°C) to 64.03 (45°C) in our study, which indicated the presence of modori for endogenous proteinases in muscle protein of silver carp.
Regardless of setting conditions, the values of whiteness of fish gels were significantly (P < 0.05) higher than that in chicken gels (Figure 1 ), which may be due to species differences. [26] The whiteness of fish surimi or surimi-like material is related to the efficiency of removal of the sarcoplasmic protein from muscle [27] and the elimination of heme pigments [26] , which depend exclusively on the characteristics of the raw material. Additionally, the whiteness of mixture gels was higher than the other two gels when pre-incubated at 45°C, which was possibly caused by protein-protein cross-linking from fish and chicken gels. Similarly, Liu, Zhao, Xiong, Xie, & Liu, (2007) studied on gel properties of silver carp and white croaker blended surimi, found that the whiteness of the blended surimi was higher than that of white croaker alone. [2] Buamard, N., & Benjakul, S. [28] also concluded that addition of oxidised phenolic compounds resulted in the difference in whiteness of sardine surimi gel, and the denatured or unfolded muscle proteins were more polymerised by protein cross-linkers in coconut husk extract during heating.
Gel properties
For fish samples, breaking force and gel strength were improved slightly with setting temperatures from 30°C to 40°C, with peak values (138.5 g and 688.7 g•mm, respectively) at 40°C (Figure 2 ). Breaking force and gel strength of the mixture gels was almost constant in the range of 30°C-45°C, which reached a plateau (158.75 g and 785.2 g•mm, respectively) at 45°C, but dropped significantly (P < 0.05) at 50°C. Meanwhile, breaking force and gel strength of chicken meat samples were similar to the mixture from 30°C to 45°C, but increased significantly (P < 0.05) and reached the highest values (184.0 g and 912.3 g•mm, respectively) at 50°C.
Luo et al. [29] reported that better breaking force and gel strength for silver carp was at 40°C, which was caused by the denaturation of myosin protein. The first endothermic transitions of myofibrillar proteins from chicken meat were approximately 50°C, and the first transition peak had a direct connection with myosin. [30] In sum, the reason for the improved mixture gels at a setting temperature at 45°C was likely due to a myosin protein-protein interaction between fish meat protein and chicken meat protein. When the setting temperatures were at 45°C and 50°C, the properties of fish and mixture gels were poorer than chicken gels, which might be attributed to modori due to endogenous acid proteinases. [4] In contrast, no marked difference was observed in deformation among fish, mixtures, or chicken meat samples at all setting temperatures (Figure 2) . Thus, the effects of different setting temperatures for gels were exhibited on the breaking force rather than on deformation. Furthermore, breaking force and gel strength of chicken gels were significantly (P < 0.05) higher than those of fish gels, and chicken gels had higher values compared to the mixture gels, although these were not significant. Lan et al. [4] also reported that the gel properties of myofibrillar proteins from chicken gels were stronger than fish gels. 
Texture profile analysis (TPA)
For fish meat samples, hardness (the most important feature of texture), cohesiveness, springiness, gumminess (the extent of flesh height), and chewiness increased with setting temperatures from 30°C to 40°C, then dropped from 40°C to 50°C (Table 1) . Hardness, cohesiveness, gumminess, and chewiness of mixture gels were enhanced in the range of 30°C-45°C, but decreased at 50°C. Hardness and cohesiveness of chicken gels improved from 30°C to 50°C. For mixture and chicken gels, springiness and cohesiveness fluctuated across setting temperatures, but the highest springiness occurred at 2.74 and 2.76 mm, respectively, and the highest cohesiveness occurred at 0.88 and 0.89, respectively. Additionally, the textural properties of mixture gels were dramatically higher than those of fish gels at the same setting temperature. Moreover, fish, mixture, and chicken gels had better textural characteristics at 40°C, 45°C, and 50°C, respectively, which was in agreement with the changes in the gel properties in our study.
Measurements of NMR water distribution
The water states of gels are composed primarily of bound moisture, immobilized water, and free water, with the vast majority of water being immobilized water (more than 88%). The bound moisture of fish and mixture gels fluctuated across setting temperatures (Table 2) . However, setting temperatures had little effect on the bound moisture of chicken gels. Meanwhile, the proportion of immobilized water of fish gels reached a maximum (approximately 91%) at setting temperatures of 35°C and 40°C. On the contrary, the proportion of free water was lower (7.6%) than other treatments when pre-incubated at 40°C for fish gels. For mixture gels, there were no significant (P > 0.05) changes for immobilized water and free water when setting temperatures ranged from 30°C to 45°C. Nevertheless, the proportion of immobilized water and free water fluctuated at different setting treatments for chicken meat samples. However, the proportion of immobilized water was the highest (91.87%) at 45°C, and free water was lower than 7.5% for chicken gels. Similar variations in the proportion of water in chicken gels were also investigated by Qin, Xu, Zhou, & Wang [31] , who reported that mobility and content of water increased, which led to better WHC of chicken myosin gels. Shao et al. [32] revealed that the T 21 component corresponded to immobilized water, which was the predominant water component that was trapped within the gel matrix. Additionally, changes in water distribution were correlated with protein conformation and gel structure, because Sánchez-González et al. [33] demonstrated that an increase in the I 3220/3400 ratio occurred in the transition from small water interstices to greater domains of water. Based on the above changes and the research of Stevenson, Liu, & Lanier [34] , we concluded that water may have shifted from free water to immobilized water to form better gels.
Protein solubility
Proteins can be partially solubilized in relevant chemical agents, which might be used to distinguish the existence of ionic bonds (difference between SB and SA), hydrogen bonds (difference between SC and SB), and hydrophobic interactions (difference between SD and SC). The primary associative forces involved in gels were ionic bonds, hydrogen bonds, hydrophobic interactions, and disulfide bonds. [35, 36] For fish and mixture gels, the proportion of ionic bonds declined to the lowest level when the setting temperatures were 35°C (9.22%) and 40°C (7.91%), respectively (Table 3) . Then, the proportion of ionic bonds rebounded at a higher setting temperature. In contrast, the proportion of Figure 3 . Effects of setting temperatures on SH group of the mixture gels composed of fish and chicken meat. Note: a. Results are presented as mean ± standard deviations. b. Different lowercase letters (a-b) in the same species indicate significant differences across heating treatments (P < 0.05). Different capital letters (A-C) indicate significant differences among fish, chicken, and mixture samples at the same treatment (P < 0.05). 11.75 ± 1.82Bb
11.10 ± 2.00Bb
Note: a. Results are presented as mean ± standard deviations. b. Different lowercase letters (a-c) in the same species indicate significant differences across heating treatments (P < 0.05). Different capital letters (A-B) indicate significant differences among fish, chicken, and mixture samples at the same treatment (P < 0.05). Table 2 . Effect of setting temperatures on the water distribution of the mixture gels composed of fish and chicken meat. 9.56 ± 1.83Aab 12.10 ± 2.77Bb
9.54 ± 0.31Ab
Note: a. Results are presented as mean ± standard deviations. b. Different lowercase letters (a-c) in the same species indicate significant differences across heating treatments (P < 0.05). Different capital letters (A-B) indicate significant differences among fish, chicken, and mixture samples at the same treatment (P < 0.05). Table 3 . Effects of setting temperatures on soluble protein of the mixture gels composed of fish and chicken meat. ionic bonds of chicken gels increased continuously across setting temperatures. Regardless of setting temperatures, the proportion of ionic bonds of chicken gels was significantly (P < 0.05) lower than that in fish gels. In addition, a lower proportion of ionic bonds (not significant) was observed in chicken gels than in mixture gels. Similarly, Zhang et al. [37] reported that high temperatures strongly affected the changes in concentration of ionic bonds. Similar variations in ionic bonds were also investigated by Liu et al. [21] This might be the reason that more electrostatic interactions in proteins of chicken gels changed the conformational structure than other paste gels.
Hydrogen bonds are primary intermolecular forces that affect the secondary structure of proteins. [38] With increasing temperatures, the proportion of hydrogen bonds decreased, followed by an increase for fish and mixture gels ( Table 3 ). The minimum proportion was obtained for fish (4.57%) gels and mixture (6.12%) gels at 40°C. On the contrary, the proportion of hydrogen bonds of chicken gels declined from 30°C to 50°C. Changes in hydrogen bonds may be correlated with protein conformation and gel structure, because transformation from α-helix to β-sheet structure occurs through a rearrangement of hydrogen bonds during gelation. [39] Conversely, the proportion of hydrophobic interactions of fish and mixture gels increased from 30°C to 40°C, followed by a decrease from 40°C to 50°C (Table 3 ). The minimum proportions of hydrophobic interactions were obtained at 40°C for fish gels (87.59%) and mixture gels (81.89%). However, the proportion of hydrophobic bonds increased from 30°C to 50°C for chicken gels. Hydrophobic interactions from the exposure of hydrophobic amino acid groups were further promoted by setting. [40] Moreover, the proportion of hydrophobic interactions of chicken gels were significantly (P < 0.05) higher than that in fish gels.
The thermal process in gels favors the formation of hydrophobic interactions. [39] Therefore, abundant hydrophobic interactions were observed in our three paste gels, which accounted for at least 73% of all non-covalent bonds in all two-step heating samples. Conversely, ionic and hydrogen bonds accounted for smaller proportions than hydrophobic interactions for all chemical bonds in the three paste gels, which suggested that ionic and hydrogen bonds may not be major forces in gel formation. To some extent, this was consistent with breaking force and gel strength.
In addition to the non-covalent bonds as mentioned above, the sum of protein solubility into different solvents may also reflect the changes in chemical linkages during the gelation process. [38] The sum of protein solubility for fish and mixture gels declined, then they were enhanced with increasing temperatures, with the lowest solubility at 35°C (9.96 mg/mL) and 45°C (12.01 mg/mL), respectively. Protein solubility for chicken gels decreased continuously from 30°C (13.06 mg/mL) to 50°C (12.59 mg/mL). Decreased protein solubility indicated the formation of non-disulfide covalent bonds induced by endogenous TGase. [21] Therefore, it is possible that the low solubility of the three paste gels that were heated at appropriate temperatures was due to significant non-disulfide, covalent cross-linking, which was possibly due to either high TGase activity or the reactivity of myofibrillar proteins in the TGase-induced reaction. In general, we observed good agreement with the tendency of ionic bonds, which were correlated strongly with better gel properties in the three paste gels.
Measurement of sulfhydryl groups
Traditionally, heating leads to cleavage of existing disulfide bonds or activation of buried sulfhydryl (SH) groups through protein unfolding, which indicates that SH groups may form new intermolecular disulfide bonds that are essential for aggregation formation. [41] Therefore, the SH group was lower for fish and mixture gels at settings of 40°C and 45°C, respectively (Figure 3 ). For chicken gel samples, disulfide bonds from SH groups increased when the setting temperatures increased from 30°C to 50°C. Based on these results, breaking force and gel strength of the mixture gels obviously increased at the corresponding appropriate temperatures than at other setting conditions, which highlighted the important role of disulfide bonds in gelling. A similar phenomenon has been reported for exposed sulphydryl groups that were linked with each other and formed disulfide bonds in surimi from silver carp when the incubation temperature was 40°C. [21] These results were consistent with our data on gel properties.
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Regardless of whether we added dithiothreitol (DTT) or not, the band intensity of the myosin heavy chain (MHC) in the electrophoretic pattern decreased for fish and chicken mixture gels at different setting conditions (Figure 4) . In general, a lightened band intensity of MHC across setting temperatures indicated that the polyacrylamide gels blocked the entrance of oversized, high-molecular-weight fractions that were generated from MHC cross-linking. [39] For fish gels, a lighter MHC band at 40°C was observed with or without the addition of DTT. It was evident that the band intensity of MHC for mixture and chicken gels were lighter than other treatments, regardless of the addition of DTT with setting temperatures at 45°C and 50°C, respectively. The reduction in MHC band intensity was concomitant with increased breaking force and gel strength (Figure 4) . However, no marked difference in actin bands (43 kDa) was observed during the setting and heat treatments. Actin might interact with myosin through non-covalent bonds, such as hydrophobic interactions, but actin was less responsible for the formation of the gel network. [42] The intensity of MHC bands with addition of DTT for three paste gels was sharply lower compared to the gels without DTT. The reason may be that DTT destroys and cuts highmolecular-weight fractions (HMWF) that were too large to enter the polyacrylamide gel, especially by breaking the three-dimensional net structure that consisted of disulfide bonds. [43] As a consequence, the intensity of MHC and actin increased, which suggested that disulfide bonds were the major force in the three paste gels. These changes explained the stronger gel properties for fish, mixture, and chicken meat pastes at settings of 40°C, 45°C, and 50°C, respectively.
Conclusion
The present study indicated that different setting temperatures affected the chemical interactions and gel properties for the three paste gels dramatically. Pre-incubation of fish meat pastes at 40°C enhanced breaking force, gel strength, and the content of immobilized water, and they exhibited better whiteness than at other setting conditions. Moreover, higher gel properties and better whiteness were obtained from mixture and chicken pastes at 45°C and 50°C, respectively. Additionally, the gel properties of mixture samples were significantly higher than fish gels at the same setting temperature. Appropriate setting temperatures for the three paste gels promoted the aggregation of MHC and the formation of hydrophobic interactions and disulfide bonds, which resulted in superior gel properties. Therefore, the gel properties of fish meat samples were significantly (P < 0.05) improved by adding chicken. The results of our study may be useful for the food industry for the production of mixture gels that consist of chicken and fish meat. However, further studies are needed to confirm the mechanism, detailed procedures, and appropriate proportions of chicken and fish meat that should be used.
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